Abstract: Combining femtosecond frequency-domain interferometry with time-integrated transverse interferometry and Rayleigh scatter, we completely characterize all parameters -cluster mass fraction, total atomic density and average cluster size -that influence high-intensity laser interactions with clustering gas jets.
Introduction
Interaction of intense ultrashort laser pulses with van der Waals-bonded clusters in supersonic gas jets has led to new methods for producing hot plasma [1] , energetic neutrons [2] , pulsed x-rays [3] , optical harmonics [4] and plasma waveguides [5] . Complete characterization of cluster mass fraction f , total atomic density n tot (clusters plus monomers) and average cluster radiusr c is crucial for interpreting such experiments and for controlling the target. Traditionally, Hagena's empirical parameter Γ * [6] is widely used to estimater c . Kim et al [7] demonstrated an all-optical combination of Mach-Zehnder interferometry and Rayleigh scatter for determining n tot andr c . However cluster fraction f remains undetermined by this method, and extractedr c depends on the assumed f . While f ∼ 100% is often assumed [7] , recent simulations show f < 50% is typical for room temperature supersonic rare gas jets [8] , as implied indirectly by some experiments [4, 9] . A proposal to phase-match high-harmonic generation in a partially clustered jet [4] depends critically on knowledge and control of f , but the uncertainty is large and convenient methods to measure f directly are lacking. Here we augment the measurements of Kim et al [7] with femtosecond pump-probe frequencydomain interferometry (FDI) to achieve independent, all-optical characterization of f , n tot andr c . The essence of the FDI method is that the negative refractive index contribution of monomer plasma (used to determine monomer partial density n m ) appears immediately after the pump ionizes the medium, whereas the positive contribution of the clusters (used to determine the number n c of clusters per unit volume) becomes evident only after clusters expand to a Mie resonance condition in ∼ 300f s, enabling separation of n m from n c in the time domain. For a room-temperature supersonic argon jet we find f ∼ 0.25 to 0.35, depending on backing pressure and nozzle geometry, consistent with the simulations of Boldarev et al. [8] . Fig. 1 shows a schematic of the FDI part of the experiment. 800 nm, 100 fs pulses from a 10 Hz Ti:sapphire laser system were split into two beams. Pulses in one beam were frequency-doubled (400 nm, 5 mJ), focused onto a pulsed supersonic argon jet (750 µm orifice, 11
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978-1-55752-859-9/08/$25.00 ©2008 IEEE ∼ 4 × 10 15 W/cm 2 and 1/e 2 beam diameter 40 µm, to ionize the target and initiate cluster expansion. 800 nm pulses in the remaining beam were further split into co-propagating probe and reference pulses at fixed temporal separation 1.6 ps for FDI, then focused onto the pumped region of the jet with beam diameter ∼150 µm. Probe phase shift ∆φ was measured as a function of pump-probe time delay ∆t. The average refractive index n jet of the clustered plasma over the interaction length L is related to ∆φ = 2π λ (n jet − 1)L, and to plasma parameters by
where γ is the cluster polarizability, α is the unionized monomer polarizability and ω p is the plasma frequency of ionized monomers. These time-dependent quantities were calculated, with the help of independently measuredr c and n tot , using an empirically-modified uniform cluster density model [10] , which describes early cluster dynamics quite well, as shown in further detail in Refs. [4, 10] . Fig. 2 shows typical measured ∆φ(∆t) and fits from the model, which include convolution of n jet (∆t) with probe temporal profile. ∆φ drops sharply at ∆t ≈ 0, clear evidence that the negative monomer plasma contribution −ω 2 p /2ω 2 dominated n jet . At ∆t ≈ 300 fs, when the positive contribution 2πn c γ(∆t) from expanding clusters reaches the Mie resonance ω probe = ω p / √ 3, a partial recovery was observed. At both pressures, we observe a continuing drop in ∆φ following the Mie resonance, indicating that clusters are dissolving into monomer plasma. To incorporate this effect, we introduced an empirical exponential decay factor exp(−(t − t 0 )/τ ) into the modeled n c , with t 0 ≈ 300fs and τ ≈ 200 fs. The temporal shape of the fitted initial drop, delayed partial recovery of ∆φ(∆t) and continuing drop is sensitive to f , but relatively insensitive to other parameters (n tot ,r c ), enabling accurate extraction of f . The fits shown indicate f = 0.25 ± 10% at 600 psi and 0.35 ± 10% at 800 psi, consistent with simulations of [8] . The higher value of f at 800 psi explains why the initial drop in ∆φ is smaller, and the partial recovery is stronger at 800 psi. 
Conclusion
Using FDI we have determined the cluster fraction in supersonic pulsed gas jet. Combined with the Mach-Zehnder interferometry and Rayleigh scattering experiment, the gas-cluster target can be completely characterized. We are currently performing the experiment with jets of pre-cooled argon, and of heavier rare gases, for which higher values of f are expected. These results will show whether f can be controlled and monitored over wide ranges by cooling and gas mixing, enabling optimization of f for specific high-field experiments such as phase-matched harmonic generation [4] and intense pulse guiding [5] . These latest results will be presented.
